Multi-node leadless pacemaker system overcomes the main limitations related to lead complications of the conventional cardiac pacemaker and will thus replace them in the near future. The multiple nodes of the technology require the development of low-power, low data-rate and energy-efficient communication framework for device synchronization and bi-directional communication between them. Moreover, the nodes need to communicate with the outer peripheral devices for data telemetry, control and remote monitoring. This paper focuses on evaluation of different energy-efficient modulation schemes at 433 MHz for bi-directional communication between the nodes using homogeneous liquid phantom model of human heart and living animal experiments. In this paper, we have analyzed three simple, low-budget modulation schemes -On Off-Keying (OOK), Frequency Shift-Keying (FSK), and Gaussian Frequency Shift-Keying (GFSK). The analysis is done based on the total transmitter power required to achieve a reliable communication indicated by the minimum threshold values of bit-error rate and packet-error rate. The experiments have been conducted for three common implant communication scenarios -in-body to in-body, in-body to on-body and in-body to off-body links. For conducting the experiments, we have designed the experimental setup with electronic components and fabricated antennas. The results have shown that GFSK has the best performance among the other modulation techniques based on the total transmitter power. We also investigated higher order of the same modulation schemes -4-FSK and 4-GFSK. The results showed that GFSK performed much better than 4-FSK and 4-GFSK. This research will be carried forward to build the entire radio frequency communication framework for the multi-node pacemaker technology.
I. INTRODUCTION
The multi-node leadless cardiac pacemaker is an innovative technology that can replace the widely used pacemaker technology with leads [1] . They can eliminate the leadrelated complications [2] - [5] . There are currently two commercially available leadless pacing systems: the Nanostim leadless cardiac pacemaker (LCP) device (St. Jude Medical, Sylmar, California) [6] and the Micra Transcatheter pacing system (TPS) (Medtronic, Minneapolis, Minnesota) [7] . Both these technologies offer single-chamber stimulation but the The associate editor coordinating the review of this manuscript and approving it for publication was Jenny Mahoney. technology providing multi-chamber stimulations and cardiac resynchronization will be an optimum solution [8] , [9] . Recent research has introduced the multi-nodal leadless pacemaker technology architecture (see Fig. 1 ) [10] - [13] . The cardiac implants which will hereinafter be called capsules will be equipped with radio frequency (RF) modules to communicate between them (see Fig. 1 ). RF wireless technology is used for transmission of data packets from transmitter to receiver as it is the most well-researched implant communication technology due to the ease of designing miniaturized and power-efficient systems. The subcutaneous implant S1 can act as a master hub for the capsules C1, C2 and C3 placed inside the heart. The data collected by the sensors present VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ FIGURE 1. Schematic of a three-node leadless capsule pacemaker application for cardiac resynchronization therapy. The capsules C1, C2 and C3 are placed inside the chambers of the heart and they can communicate with the subcutaneous implant S1. RA-right atrium, RV-right ventricle, LA-left atrium, LV-left ventricle, C-capsules and S-subcutaneous implant [10] - [12] .
in C1, C2 and C3 can be sent to S1 for decision making. S1 can also act as data storage module and a relay node for communicating with the outside world. The data could be downloaded wirelessly from S1 to outer peripheral devices like phones, computers, etc. for data analysis, device monitoring and configuration changes. The capsules will have battery to power their electronic circuitries. The two most important requirements for such implant technology are reliable communication and energy efficiency. To have a reliable communication, the bit-error rate (BER) or packet-error rate (PER) should remain below a threshold (BER < 10 −4 ). BER is a widely used metric for quality and performance analysis of a communication system which is defined as the ratio of total number of erroneous bits received to the total number of received bits [14] . PER is the ratio of the number of erroneous packets to the total number of received packets. These error rates are functions of several factors, including susceptibility to noise and interference, susceptibility to fading, and non-linearities, which can arise due to dependencies on signal frequency and amplitude.
The receiver capsule should be able to decode all the necessary information from the received bits to make proper decisions. Moreover, the device should be highly energy efficient to prolong the lifetime of the technology. Since, the capsules will be placed inside the heart, it will be difficult to replace them if the battery runs out. The capsule-battery energy consumption is a combination of energy consumed by the electronics and the energy required to transmit data from one capsule to another.
Data rate is not a concern for the capsule pacemaker technology since the sensors (electrogram and accelerometer) in each capsule generates no more than 4.8 Kbits of data per second [15] . This data rate will vary slightly based on the heart rate and the heart movements. Moreover, the transmission distance between the capsules is also quite small (between 5-15 cm) as they are placed inside the body. In traditional communication systems in free space, the transmission energy is dominant compared to the circuit power consumption as the RF signals must travel longer distances. Whereas, for body area networks, the transmission distance is small, so the transmission energy could be comparable to the circuit power consumption. This requires the use of energy-efficient modulation scheme that has also low complexity resulting in simpler electronic design. This would result in less energy consumption which will in turn prolong the battery life of the capsules.
The primary contribution of the paper is the feasibility study of using RF communication inside the heart chambers for the multi-nodal leadless cardiac pacemaker. For the very first time in literature, we determine the optimum RF modulation scheme for bi-directional wireless connectivity between leadless pacemaker devices, based on experiments in liquid phantom and living animal. The RF modulation schemes are elaborated for all three possible implant communication scenarios: in-body to in-body, in-body to on-body and in-body to off-body communication. The secondary contributions of the paper are design, fabrication, and integration of the in-body miniaturized antennas with the electronic systems to explore a realistic pacemaker test scenario in phantom and animal experiments.
In this paper, we analyze three different modulation schemes-On Off-Keying (OOK) [16] , Frequency Shift-Keying (FSK) [17] and Gaussian Frequency Shift-Keying (GFSK) [18] at 433 MHz. For the sake of power consumption and circuit complexity, we analyze these three simple modulation schemes. These modulation schemes are not the most spectrally efficient nor do they have the lowest SNR requirements [19] . OOK is the simplest digital modulation that has been used in wireless telemetry bio-devices and biomedical implanted devices [16] as in OOK, binary 0 is represented by no carrier during the transmission which minimizes the power consumption of the modulator. FSK is one of most suitable modulation techniques for low power applications [17] . OOK and FSK are widely used in low-power transceivers since they are phase independent and can be detected by noncoherent architectures which consumes much less power and are less complex compared to coherent-detectors. Implementing a data modulator with low power consumption in wireless transceivers is of interest as the power budget is limited in implantable devices where long battery lives are essential.
The other modulation schemes like PSK, QPSK and DPSK are not chosen because they are phase dependent and require coherent detection which consumes much higher power and the architectures are more complex compared to non-coherent detectors required for OOK, FSK and GFSK.
Quadrature Amplitude Modulation (QAM) is also not chosen because it is used to carry higher data rates compared than ordinary amplitude modulated schemes and phase modulated schemes. This is not required in our case since the multi-node leadless pacemaker is a low data-rate application. Moreover, QAM is more susceptible to noise because the states are closer together resulting in increased required transmitter power to achieve reliable communication.
GFSK modulation utilizes a Gaussian filter to smooth positive/negative frequency deviations and increases the spectral efficiency of a communication system [19] . In principal, the selection of the modulation scheme depends on the system power constraints, accepted complexity in both transmitter and receiver, and the wave propagation channel characteristics [20] . For the leadless pacemaker application, the power efficiency of the system has higher priority compared to other factors like bandwidth efficiency, cost efficiency, etc.
OOK is sensitive to the amplitude fluctuations of the channel, due to the data transmission in the signal amplitude, whereas FSK modulation is more sensitive for the frequency offsets between the transmitter and the receiver [21] , [22] . Thus, FSK is commonly used in applications where the frequency accuracy cannot be guaranteed [23] . The heart dynamics with blood perfusion might cause relative movements among the leadless capsules and possible Doppler effects that might shift the frequency and the variable link gain can cause amplitude variations. Therefore, it is important to analyze these simple modulation schemes for the cardiac channel.
FSK modulation creates high level spurious contents as well as relatively high side lobes on the transmitter side, which can cause regulation standard violations. Therefore, GFSK modulation which contains a Gaussian filter can be applied to the symbols before creating the frequency modulated signal to suppress these spurs and side lobes by smoothing the baseband signal [24] . In this paper, we also analyze the performance of higher-order modulation schemes-4-GFSK and 4-FSK [25] , [26] . 2-GFSK modulation is more spectrally efficient than OOK or 2-FSK as the Gaussian filter suppresses the spurious contents and side lobes on the transmitter side significantly while the receiver sensitivity is just slightly worse than 2-FSK and a few dB better than 4-GFSK [27] , [28] . Theoretical performance analysis of the modulation schemes is easier in free space whereas extremely challenging for human body environments as human body is a very complex medium consisting of different frequency dependent tissues with varying dielectric properties. Moreover, it will be influenced by body movements and the size of the human body. So, practical in-vivo experiments can only help us to analyze the performance of these modulation schemes in human body environment.
The analysis is done based on the total transmitter power consumption required to achieve a reliable communication at 433 MHz. We have selected 433 MHz for the analysis because it lies in the Industrial, Scientific and Medical (ISM) band [29] which is an unlicensed band and as the name suggests, available for industrial, scientific and medical purposes. Compared to 868 MHz and 2.4 GHz ISM frequency bands, the 433 MHz ISM band has better propagation characteristics because of its lower operating frequency and is currently less affected by external interferences because of the lower number of systems operating in the band [30] . Moreover, the leadless cardiac pacemaker will be short range, low power and low data rate communication systems, so the interference from other communicating systems operating in these bands will be minimum. This will be also helpful in providing physical layer security for the application as it is a highly sensitive device that needs to be completely secured from eavesdropping.
The paper is organized as follows: Section II illustrates the electronic components and antennas fabricated for the study. Phantom and living animal experimental setups are shown in Section III, followed by description of experimental results in Section IV. Finally, concluding remarks and future directions are expressed in Section V.
II. MATERIALS
The hardware setup for conducting the phantom and animal experiments mainly consisted of two categories -the hardware components and the antennas. The hardware components were mostly assembled whereas the antennas were designed and fabricated in our laboratory.
A. HARDWARE COMPONENTS
We use C1200 RF transceiver from Texas Instruments to test the different modulation schemes at 433 MHz [31] . They are integrated single-chip radio transceivers designed for high performance at very low-power and low-voltage operation in cost-effective wireless systems. The C1200 transceivers are mounted on the two SmartRF Transceiver evaluation boards manufactured by Texas Instruments [32] . One is used as transmitter (TxEB) and the other one as receiver (RxEB). They are motherboards that allow the testing of low power RF transceiver devices and the boards can be controlled using SmartRF Studio software [33] . The assembled setup is shown in Fig. 2 .
The analysis of total transmitter energy consumption depends on the on-time (Ton) of the transmitter. Ton in turn depends on the data size and the packet size. When the data for each heartbeat is transmitted, the radio goes from sleep mode to active mode. The average wakeup time of the radio is 268µs [34] . This greatly improves the lifetime of the battery as the current consumption during sleep mode (0.12µA) is negligible when compared to that of active mode (46mA at 14dBm) [33] . Though, the radio consumes some additional current to get back to active mode from the sleep mode (1.5mA), the current consumption is very small compared to active mode power consumption and the process is also very fast (133µs). The circuit current consumption increases with the increase in the transmitted signal power (see Fig. 3 ) [35] . As shown in Fig. 3 , the average power consumption is quite high in all the different transmitter power levels because the device has too many functionalities that are not applicable for our purpose. It should be mentioned that C1200 transceiver is only used for the evaluation of different modulation schemes and not for the final approval in the leadless pacemaker. Once the optimum parameters have been found, a transceiver IC will be designed that will have much lower power consumption than the current device.
B. ANTENNAS
The implant antenna is a small antenna of size 10 mm × 9 mm designed to be operating at 433 MHz (see Fig. 4a ). The wavelength (λ) in free space is 650 mm, therefore the antenna size compared to the wavelength is about λ/65. The antenna is miniaturized by using the meander line technique in which the antenna electric length is increased, and the antenna matching is conducted by using a capacitive feed mechanism to tune the antenna input resistance to the source 50-ohm impedance. Using the proposed antenna geometry and by tuning the antenna radiation resistance the antenna radiation efficiency inside the biological tissues can be increased [36] . The antenna can be integrated on the surface of a pacemaker metal capsule with little effect from the casing. The antenna holds a superstrate of thickness of 0.7 mm to keep a distance from the surrounded biological tissues. This gap is essential for an efficient antenna operation. The antenna has conformal geometry and is placed on the metal capsule cylinder emulating the pacemaker capsule casing. The antenna is measured in free space and inside the liquid phantom mimicking the material properties of the human body at 433 MHz. Fig. 4b shows the antenna S-parameter in free space and inside the liquid phantom. The S11 is less than −8 dB at 433 MHz.
A pair of the capsule antennas are used in the phantom and animal experiment for evaluating the coupling between the antennas. This test is used to evaluate the capsule to capsule communication quality for synchronous operation of the implants. One of the communication links in the pacemaker technology is to download the capsule's data for diagnostic and programming by a physician. For this purpose, it is required to establish the communication link between the capsule and an the on-body antenna. The on-body antenna can send data signal to place the capsule in the programming mode and download the capsules' memory. A loop type antenna of diameter 50 mm is used in this experiment (see Fig. 5a ) [36] . The loop antenna has better EM wave penetration inside biological tissues due to non-magnetic material of the living tissues. The loop antenna impedance is adjusted by using a meander geometry. The antenna is wideband due to the possible mismatching in the application on different human subjects. Fig.5b shows the s-parameters of the on-body antenna measured on the chest of a human subject. The antenna is self-matched thus, it does not need matching circuit for operation. The antenna will be placed directly on the patient's body surface. By using this approach, the near field coupling between the antenna and the implant capsule can be established using smaller transmitter power.
The future pacemakers need to communicate with a remote hub to transmit the capsule data to a patient's network [37] . So, the events can be logged to the network for real time monitoring or supervision of a patent by a physician. This link requires a communication between the capsule and a remote home receiver. An off-body antenna is designed for this purpose. The antenna is wideband and has circular polarized radiation pattern to compensate for the random orientations of the capsule and patient. The antenna operates at 433 MHz with a gain of about 8 dBi. We have studied the performance of such a remote link but at smaller distance. In realistic scenarios, the antenna will be paced more than 2 meters from the patient body to monitor the received signal level.
III. METHODOLOGY
The schematic of the communication system is shown in Fig. 6 . The radio in the evaluation board is controlled using the SmartRF Studio software developed by Texas Instruments. The board is connected to the PC by a USB cable. We can enter the pilot data to be send in the graphical user interface of the software and select the modulation scheme to be evaluated. We also need to consider the delay requirements as too long data could not be transmitted within the time-window available for data telemetry. The decision making at the subcutaneous hub should be real-time due the critical nature of the medical device.
Bi-directional, half-duplex connection is established between the transmitter (Tx) and the receiver (Rx) antennas. The link power budget [38] can be expressed as:
where P Rx is the power received by Rx antenna in dBm, P Tx is the power transmitted by the Tx antenna in dBm, G Tx and G Rx are the gains of the Tx and Rx antennas in dB respectively and L is the total of all the losses during transmission. The link power budget help us to estimate the amount of loss that a datalink (transmitter to receiver) can tolerate in order to provide a reliable transmission. This is a requirement to set the transmitter with a minimum radiation power for radiation safety, efficient power consumption and acceptable BER. Moreover, the estimation of the losses will help us better analyze the results, as the changes in channel losses cause changes in BER and PER, resulting in changes in the performance of the system. L can be further expressed as:
where PL is the path loss in dB, PLF is the polarization loss factor in dB due to the polarization mismatch between the Tx and Rx antennas, ML Tx and ML Rx are the impedance mismatch losses of the Tx and Rx antennas, respectively. From our earlier work [11] , PL for the in-body communication can be estimated by the linear-distance model as:
and for the off-body communications as logarithmic model:
where n is the pathloss exponent, d is the distance between the Tx and Rx, d 0 ≤ d is the reference distance and s is the random scatter around the mean in dB [39] . The parameters determining the pathloss will vary based on the frequency of operation and position of the implant. From mathematical simulations and experimental validations, it has been seen that n lies within 4 to 5 for the in-body networks [11] , [40] , [41] . For every experiment, a fixed number of 10 4 data packets is sent from the transmitter to the receiver. The total number of packets lost and error in the received bits helped us to calculate the PER and BER. The transmitted signal power is varied for every modulation scheme to record the least amount of transmitted power required for reliable transmission. The communications channel should not be link limited and losses associated with the channel must not cause the incident power level at the receiver to fall below the receiver sensitivity.
A. LIQUID PHANTOM EXPERIMENTS
Liquid phantom solution is used for the experiments. A saline solution of 0.40% that mimics the dielectric properties of average human heart tissues at 433 MHz [42] is realized. The permittivity and conductivity of heart muscle tissues at 433 MHz are 65.3 and 0.98 S/m respectively [43] . The phantom solution was put into small very thin plastic bags and placed in a plastic container of size 35 × 35 × 35 cm 3 . The bags were made as flat as possible and stacked over one another. Special care was taken to get rid of air gaps between the phantom bags by flattening them as much as possible. The entire development kit with the transmitter antenna was placed among the phantom liquid bags at required depths. This special arrangement of putting the liquid phantom in plastic bags was made to minimize the possible signal leakage from the transmitter evaluation board to the receiver evaluation board as we are considering very small sensitivity at the receiver up to −110 dBm. This setup also protected the evaluation board from water contact. In the first experiment for the in-body to in-body channel measurements, the transmitter and receiver consists of the same in-body meander implant antenna. The antennas are placed inside the phantom container at the horizontal distance of 15 cm between them (see Fig. 7, 8a) . The selected distance is the maximum normal separation between two capsules inside the heart chambers.
The second experiment for the in-body to on-body channel measurements was done between the in-body meander antenna and the on-body loop antenna. The transmitter is connected to the implant and the receiver is the on-body antenna. The distance between Rx and Tx is 20 cm (see fig. 7, 8b) . The distance of 20 cm is the logical distance for deep implants from the surface of average human bodies.
The final experiment was done for in-body to off-body channel measurements (see fig. 7 , 8c). The in-body meander antenna is the Tx antenna and the off-body antenna is considered as the receiver. The horizontal distance between the antennas is 40 cm with the in-body depth of 20 cm and the off-body distance of additional 20 cm from the body surface.
In all the three experiments, five different modulation schemes: OOK, 2-FSK, 2-GFSK, 4-GFSK and 4-FSK were evaluated based on the average transmitted power. The average received signal strength (Rx power), PER and BER were recorded for each experiment. For each modulation scheme, the transmitted signal power was varied from −16 dBm to 14 dBm and therefore, the communication quality is evaluated. These results helped us to find the optimum modulation scheme for the multi-node pacemaker application based on minimum transmitter power.
B. LIVING ANIMAL EXPERIMENTS
The phantoms experiments are followed by the living animal measurements (see Fig. 9 ). The experiments were done on a female pig weighing 50.5 kgs. To evaluate and compare the performances of the capsule in an environment like that of the human body, the pig used in this experiment was prepared under a general anesthesia. All studies were performed at the hybrid operating room of the Intervention Centre, Rikshospitalet, Oslo University Hospital, Norway that has accreditation The transmitter capsule is placed beneath the right ventricle (under the heart) and the receiver capsule on the left atrium (over the heart). The chest is then firmly closed with stitches so that there is no leakage of RF signal through the cuts.
for conducting animal experiments. All the experiments were performed in strict compliance with the Norwegian and European Union laws on Ethical standards and humane treatment of animals. Because this animal was alive, and all its organs were operating normally, the experimental conditions were virtually identical to conditions expected in a human body.
The first experiment was done for the in-body to in-body measurements. The implant Tx and Rx antennas were placed on the either side of the heart -Tx outside the right ventricle and the Rx outside the left atrium. The optimal placement would have been inside the heart chambers, but the heart is not punctured to place the implants inside the heart. This is because the current capsule size is slightly bigger compared to our estimated final prototype dimensions and thus to prevent the early death of the animal as it is used for multiple other experiments. The distance between the implants are measured with the help of a magnetic distance measurement system called Medical Aurora manufactured by the company northern Digital Inc. that gives accurate distance measurements. The distance between the implants were found to 5 cm which is smaller than the average pig heart as the pig was few months old.
The second experiment was done for the in-body to onbody measurements. The implant antenna was placed under the right ventricle and the on-body Rx loop antenna on the chest surface. The distance between them was measured to be 8 cm. The final experiment was done for the in-body to off-body measurements. The implant Tx antenna was kept at the same position whereas the off-body spiral antenna was placed at a vertical distance of 40 cm from the surface of the body. The total distance between the Tx and Rx antennas was 48 cm (8 cm inside the body and 40 cm outside the body).
All the experiments were very similar to the phantom experiments. The different modulation schemes were evaluated by varying the transmitted power. The optimum modulation scheme was obtained by analyzing the corresponding Tx power, BER and PER.
IV. RESULTS AND DISCUSSIONS
The data rate has been fixed at 4.8 kbps for all the modulation schemes for all the communication scenarios. The phantom results are plotted in graphs for better visual representation. The animal experiment results are represented in tables due to lower number of available data points.
A. PHANTOM EXPERIMENT RESULTS
The phantom results for the in-body to in-body communication at the distance of 15 cm are shown in Fig. 10 . To achieve a reliable communication (PER and BER < 10 −4 ), the required Tx power for OOK is very high and beyond the maximum Tx power that can be provided by the evaluation board. At 14dBm, the PER and BER for OOK are −49.1% and 0.93% respectively, which is far away from the PER and BER required for reliable communication. To achieve reliable communication, the Tx power for 2-FSK and 2-GFSK are 13 dBm and 6 dBm respectively. The required power for higher order modulation schemes like 4-FSK and 4-GFSK to achieve reliable communication are beyond 14 dBm and cannot be exactly computed due to the Tx power constraint of the evaluation board. This shows that the 2-GFSK is the optimum modulation scheme as it requires the least amount of Tx power to achieve reliable communication compared to all other modulation schemes.
All the packets are lost when the Tx power for 2-GFSK is below −3dBm. Whereas for OOK, 2-FSK, 4-FSK and 4-GFSK, PER is 100% when Tx power is 8 dBm, 6 dBm, 13dBm and 13dBm respectively. This shows that the performance of 2-GFSK is better than all the other modulation schemes. It can be seen (see Figs. 10b and 10c ) that the PER increases significantly with BER which shows the errors in bits is distributed over the entire data or in other terms, over all the packets. This shows the channel is slow fading and is constant over each time-window of data-transmission. The Rx power not only varies with the Tx power but also with the modulation schemes (see Fig. 10a ). OOK has the best Rx power in average followed by 2-FSK, 2-GFSK, 4-FSK and 4-GFSK respectively. We believe this variation mainly occurs from the post-processing done by the evaluation board.
The phantom results for the in-body to on-body communication at 20 cm are shown in Fig. 11 . To achieve a reliable communication, the required Tx power for OOK, 2-FSK, 2-GFSK, 4-FSK and 4-GFSK are 0 dBm, 6 dBm, −3 dBm, 2 dBm and 1 dBm respectively. The PER is 100% when the Tx power is less than −6 dBm, −3 dBm, −11 dBm, −6dBm and −6dBm for OOK, 2-FSK, 2-GFSK, 4-FSK and 4-GFSK respectively. Both these results show that 2-GFSK has the best performance just like the previous communication scenario. The phantom results for the in-body to off-body communication at the total distance of 40 cm (in-body distance = 20 cm and off-body distance = 20 cm) are shown in Fig. 12 . To achieve a reliable communication, the required Tx power for OOK, 2-FSK and 2-GFSK are 8 dBm, 14 dBm and 7 dBm respectively. The required power for higher order modulation schemes 4-FSK and 4-GFSK to achieve reliable communication are beyond 14 dBm and cannot be exactly computed as the due to the Tx power constraint of the evaluation board. This shows that 2-GFSK is the optimum modulation scheme. The introduction of manual movements on the phantom to simulate the heart movements resulted in decrease of Tx power by 1.5 dB in average and increase in PER and BER for all the modulation schemes. In case of 2-GFSK, this change was the least and it provided the best results among all the modulation schemes. It can be observed that the Rx power is better for in-body to on-body communication (see Fig. 11a ) compared to in-body to in-body communication (see Fig. 10a ) although the distance between the antennas in the former case is 3 cm more than latter one. This is mainly due to the antenna gain and polarization. The receiver loop antenna for on-body communication has higher gain compared to the receiver meander antenna for in-body communication. Thus, both antenna gains and orientations play a major role in the latter case and any mismatch could cause significant reduction in the Rx power. The in-body to in-body communication link could be improved by designing highefficiency dual-polarized antenna but it is a challenging task given the size constraints. Thus, designing highly efficient mm-sized implant antennas could be a significant research direction.
B. ANIMAL EXPERIMENT RESULTS
The living animal experiments are conducted to validate the phantom experiments, but the degrees of freedom are limited in the animal experiment. The results for the in-body to in-body communication at 5 cm are shown in Table 1 . We notice that for all the modulation schemes, the reliable communication can be performed at Tx power of −24 dBm. At Tx power of −40dBm, the 2-FSK shows no communication and OOK shows communication with very high PER and BER, whereas 2-GFSK shows better communication with lower PER and BER. From the observations, it can be concluded that 2-GFSK performs better than OOK and 2-FSK. The selection of Tx powers between −40 dBm and −24 dBm could provide more concrete results but this cannot be evaluated as the evaluation board only allows to select −40 dBm and −24 dBm of Tx powers at such low Tx powers. This is one of the limitations of this evaluation board. Thus, the required Tx power for 4-GFSK is similar to 2-GFSK and their differences cannot be differentiated. Due to the small size of the heart of the pig, the distance between the in-body antennas cannot also be increased, otherwise more discrete values at higher Tx powers could have been used to have a better evaluation of the modulation schemes. 4-FSK showed the worst results as it required 0 dBm of Tx power to achieve reliable communication. The results for the in-body to on-body communication at a distance of 8 cm are shown in Table 2 . To achieve a reliable communication, the required Tx power for OOK, 2-FSK and 2-GFSK are 6 dBm, 14 dBm and 3 dBm respectively. The required power for higher order modulation schemes 4-FSK and 4-GFSK to achieve reliable communication are beyond 14 dBm. This shows that 2-GFSK is the optimum modulation scheme based on Tx power requirement. The results for the in-body to off-body communication at a total distance of 48 cm (inbody = 8 cm and off-body = 40 cm) are shown in Table 3 . To achieve a reliable communication, the required Tx power for OOK, 2-FSK and 2-GFSK are 0 dBm, 6 dBm and −6 dBm respectively. The required power for higher order modulation schemes 4-FSK and 4-GFSK to achieve reliable communication are 0 dBm for both. This shows that 2-GFSK has the best performance like the previous communication scenarios.
Both the phantom and the living animal experiments concluded GFSK as the optimum modulation scheme among the evaluated ones based on the least Tx power required. This is also true for all the possible communication scenarios. One of the primary reasons for the better performance of GFSK compared to the other modulation techniques is that it has very good tolerance to the inter-symbol interference when the system is operating at relatively low-data rate. GFSK uses a smaller part of the spectrum and therefore waste less power. It also makes the signal less susceptible to amplitude nonlinearities introduced by the channel and/or receiver hardware.
Moreover, Gaussian filters in GFSK have advantages in terms of carrier power, occupied bandwidth and symbol clock recovery. It is Gaussian in shape in both the time and frequency domain. Its effects in the time domain are relatively short and each symbol interacts with only the preceding and succeeding symbols. This reduces the tendency for sequences of symbols to interact which makes amplifiers easier to build and more efficient resulting in simpler and power efficient communication system design. Increase in transmitted signal power level not only increases the power output of the circuit but also causes increase in the circuit current consumption (see Fig. 3 ). So, more battery will be drained out in case of higher transmitted power to achieve reliable communication. Both the phantom and the living animal experiments also confirmed that lower order modulation schemes perform much better than higher order modulation schemes in terms of the transmitted power requirement. Higher order modulation schemes increase the spectral efficiency, but unfortunately as spectral efficiency increases, so does the error rates, which means a higher SNR might be needed to achieve acceptable error rates for reliable communication. Moreover, higher order modulation and demodulation schemes requires more complex hardware, which is difficult to implement, and the circuit power consumption also increases.
It can be observed from the results that though all the experiments confirmed GFSK as the optimum modulation scheme, but the Rx power varied significantly not only between the phantom and animal experiments but also between the different communication scenarios. This is mainly due to the post-processing done by the evaluation board and antenna effects like impedance mismatch of the antennas, antenna rotation, polarization mismatch and misalignment of the antenna. Moreover, the receiver antennas used for the three different communication scenarios were different due to the size constraints. The size of the implant antenna had to be significantly smaller as compared to the on-body and off-body antennas due to the limited size of the capsule pacemaker can.
It can be seen from both the phantom and the animal experiments that the Tx power requirement is quite high for an in-body implant scenario which will deplete the battery in short time duration. This is due to the multi-functionalities of the C1200 transceiver IC which are not applicable for our purpose and won't be included in the final prototype.
The experiments have provided us with some of the optimum parameters required for developing the final prototype. Once most of the optimum parameters for the prototype has been found, a transceiver IC will be designed that will have much lower power consumption than this current IC.
V. CONCLUSION AND FUTURE WORK
In this paper, the modulation schemes for the communication system design at 433 MHz for the multi-node leadless pacemaker have been analyzed. We have used the evaluation boards combined with fabricated antennas for the experiments. The analysis is done based on liquid phantom solutions that mimics the dielectric properties of human heart tissues at 433 MHz and living animal experiments. This gives us more realistic results compared to theoretical simulations.
We have found out that GFSK is the optimum modulation scheme due to its high tolerance to interference at low data rates. We also found out 2-GFSK performs better than 4-GFSK and 4-FSK which shows that lower order modulation schemes offer better results compared to higher order modulation schemes.
The next goal is to fabricate the evaluation module on a very small printed circuit board (PCB). This will help us to assemble the entire pacemaker setup in a small capsule. This capsule can then be placed inside the chambers of the heart to have more realistic results. This could not be done in the beginning as multiple scenarios cannot be tested using a single PCB. Since we have a fair idea about the optimum settings for the pacemaker module now, we can fabricate the PCB with these optimum settings. The other goal is to perform similar experiments at other ISM frequencies -868 MHz and 2.4 GHz, to have a comparison of the results with 433 MHz. This work has provided us a strong foundation towards the design of the complete prototype of the multi-node pacemaker system.
